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Introduction 
Wild Atlantic salmon (Salmo salar) have declined considerably through-
out their range, principally through loss and degradation of their fresh-
water habitat, with concomitant overfishing of the remaining stocks 
(Netboy 1968, 1980; Watt 1989). Marine survival varies, and is hypothes-
ised to depend on greater mortality and reduced growth of smolts at 
low temperatures in some years (Sigholt & Finstad 1990; Usher et al. 
1991), changes in predators, food and ocean currents (Holtby et al. 
1990; Reddin & Friedland 1993), size and timing of emigrating smolts 
(Chadwick 1987), or depensatory survival, with relatively greater mort-
ality occurring in smaller schools of emigrating smolts than in larger ones 
(Hvidsten & Johnsen 1993). Nevertheless, viability of the species, 
especially to conserve the present diversity of genetic stocks, and to 
support commercial and sport fisheries, depends on sustainability of the 
freshwater ecosystems in which Atlantic salmon spawn and are reared. 
Young Atlantic salmon (henceforth referred to simply as "salmon") spend 
from one to eight years in fresh water before migrating to sea, depending 
on climate, photoperiod, and relative productivity of the system (Power 
1969; Metcalfe & Thorpe 1990). Spawning is in late autumn, depending 
on water temperatures (ca. 2 to 6°C), when the adult female fish digs a 
redd in the coarse substratum of shallow riffle areas, in which are laid 
several pockets of eggs. Survival to the fry stage depends on water 
percolation through the substratum, and its temperature, and the 
duration of incubation also depends on water temperatures (Crisp 1993). 
Emergence of the fry is in early summer. In warmer European streams, 
where growth is faster than in boreal systems, juvenile salmon may be 
called "parr" after leaving the redd site, but in Canadian rivers they are 
usually called "fry" or "underyearlings" for the first year, after which they 
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are termed parr, until they metamorphose into "smolts", the silvery stage 
that migrates to sea in the spring. 
Generally salmon cohabit in streams with another species of salmonid, 
which may be a competitor. Juvenile salmon characteristically inhabit the 
shallow fast-flowing areas of rivers and streams, preferentially where there 
is a coarse substratum, whereas in North America, brook trout (Salvelinus 
fontinalis) and, in Europe, brown trout {Salmo trutta), are more common 
in pools or in slower-water areas, preferably where overhanging cover is 
present (Keenleyside 1962; Gibson 1966; Elson 1975; Karlstrom 1977; 
Bagliniere & Arribe-Moutounet 1985). Dispersion of salmonids in the 
fluvial environment is governed to some extent by territorial and agonistic 
behaviour, depending on temperature, food availability, water velocities, 
size of fish, etc. (reviewed in Gibson 1988). Distributions related to 
habitat variables have been quantified in a number of models (e.g. Binns 
& Eiserman 1979; Gibson et al. 1993). Although selective segregation 
controls habitat preferences, inter- and intra-specific competitive inter-
actions have been shown to affect distributions (Gibson 1973; Kennedy & 
Strange 1986; Heggenes & Saltveit 1990). In addition, size-classes inhabit 
differing habitats; the smaller fish occupy water that is shallower and 
slower-flowing than water occupied by larger and older fish (Gibson et al. 
1993). It is important therefore to conserve the natural habitat diversity of 
rivers and streams to minimise inter- and intra-specific competition and 
maximise production. 
Where there is a depauperate fish fauna there can be niche expansion 
for the species present (Nilsson 1978). In Newfoundland, Canada, due to 
its glacial history and separation from mainland sources of freshwater fish 
immigration, colonising fish were euryhaline. Also, introductions by man 
have been few, so that fish species are relatively few in number and 
salmonids are the dominant group. As shown in Fig. 1, from work done in 
the southeastern part of the island, although riffles are the preferred 
habitat, young salmon occupy slow-flowing "flats" of rivers (Figs 2 and 3); 
they also inhabit pools and lakes, which would generally be considered 
as atypical habitats in systems where there is a more diverse fish fauna, 
where inter-specific competition and predation would be more severe 
(Gibson 1993). 
Major questions in salmon management are: how many eggs, and 
therefore how many spawning adults, are needed to optimise smolt 
output for maximum return of adults?; and what are the factors affecting 
growth and survival of the juveniles in fresh water? In Canada, the 
required number of spawners is based on work by Elson (1975), who 
recommended a "virtual", or actual, egg deposition of 168 eggs per 100 
m2 of fluvial habitat. In order to account for unknown effects of mortalities 
in the river, such as predation, angling and poaching, Elson estimated that 
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a more generous potential deposition of 240 eggs per 100 m2 of fluvial 
habitat should be aimed for, which is the reference figure presently in 
use. It is recognised that distribution of the juveniles is heterogeneous 
through fluvial habitats, and that rivers differ in potential production of 
salmon and in egg requirements, both within and between systems (e.g. 
Symons 1979). Therefore experimental rivers have been identified by the 
Department of Fisheries and Oceans to better quantify stock-recruitment 
relationships in different river types, and to better define the relative 
productivity of salmonid habitats. In this article I review some of the 
findings from my part of the work, and discuss factors affecting juvenile 
salmon which influence their fitness. Although fitness from the genetic 
point of view is defined as the relative capacity of carriers of a given 
genotype to transmit their genes to the gene pool of the following 
generations, growth and survival of individuals are components of fitness 
enabling individuals to transmit their genes to the succeeding generation, 
and are influenced by responses to competition, which is the major topic 
of this article, including implications for management. 
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Density-dependent survival 
In order to better understand the relationships of density-dependent 
survival in Newfoundland, egg depositions were manipulated 
experimentally in the Freshwater River, a third order system near Cape 
Race, in the southeastern part of the island (location and methodology are 
described in Gibson et al. 1993). Previously salmon were absent from the 
river, due to an inaccessible falls at the mouth, but adult salmon were 
introduced each year from 1985 to 1990 (Table 1). Although the main 
goal of the project was to derive a stock-recruitment curve, the 
experiment was curtailed, and such a model cannot be derived from the 
relatively few years during which the experiment has been conducted, as 
can be seen from Fig. 4. However, some conclusions on intra-specific 
effects can be made, and Fig. 5 demonstrates the changes in egg to smolt 
survival underlying the relationship seen in Fig. 4 (although the graph 
should be interpreted with caution and is not predictive, since the two 
axes in this relationship are not independent). 
Table 1. Potential numbers of eggs deposited in the autumns of 1985 to 1990 (related to 
year-classes 1986 to 1991), and numbers of smolts produced in the years 1989 to 1994, in 
the Freshwater River, Cape Race, Newfoundland, Canada. Numbers are expressed per unit 
area of 100 square metres; the total area of fluvial habitat was 89827 square metres. 
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Symons (1979) recommended that minimum egg depositions should be 
from 0.8 to 2.2 eggs per m2, based on the number of smolts produced per 
area, related to geographical location and age of smolts, and egg to smolt 
survival, derived from published space requirements and density-
dependent survival rates of juvenile salmon. Although his approach is 
more appropriate than the presently recommended 240 eggs per 100 m2 
for all salmon rivers, regardless of geographical area or relative 
productivity, Fig. 5 illustrates difficulties that can arise with his model. In 
the Freshwater River, smolt yield and survival rates varied approximately 
fourfold during the short time-frame of the experiment. Kennedy & 
Crazier (1993) review similar findings for other salmon rivers on both 
sides of the Atlantic. In Fig. 5 the left-hand side of the graph appears to 
demonstrate density-dependent survival, but on the right-hand side there 
is an outlier of relatively good survival at the highest egg deposition. This 
was from the first year of spawning (1985, and the 1986 year-class), and 
is most likely a result of lack of intra-specific competition from older 
salmon. 
Fig. 6 suggests that there is a negative effect of large parr on the 
underyearlings (i.e. fish less than 1 year old). I have plotted egg to smolt 
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survival of a year-class against the yield of smolts aged 3+ years (i.e. 
between 3 and 4 years old), the dominant age-class of smolts, three years 
after that year-class had actually emerged from the eggs - representing the 
effects of parr more than 2 years old (2+ parr) on the underyearlings (0+ 
fry) in each year. There is a good correlation (r = 0.84; P = 0.03). The 
value for best survival (1.06%) deviates most from the regression line 
drawn in Fig. 6, and occurred at the lowest egg deposition (217 eggs per 
100 m2), suggesting that at low egg densities suitable habitat for fry was 
less limiting, and that there was therefore possibly less overlap with the 
habitat of large parr. Interestingly enough, with as before using the smolt 
output as indicators of parr densities in previous years, there was no 
correlation (r = 0.10; P = 0.86) with the effects of small parr aged 1 + years 
on the underyearlings, although there is more overlap in habitat use by 
small parr with underyearlings than by large parr. I could find no effects 
between older age-classes, supporting the conclusion that large parr 
depress the numbers of 0+ fish, possibly by predation at some stage. Other 
workers have suggested negative interactions against underyearlings by 
small parr (e.g. Mills 1969; Elson 1975; Kennedy & Strange 1982; Buck & 
Hay 1984; Egglishaw & Shackley 1985), by competition, but this is the first 
evidence that large parr may have a severer effect than small parr on the 
underyearlings. Although there are relatively few data points, Fig. 6 
indicates a mechanism contributing to the oscillations characteristic of 
abundances in salmon stocks, and suggests that there might be negative 
reactions by higher density year-classes on succeeding year-classes, 
resulting in a dome-shaped curve similar to that found by Ricker (1954) 
with Pacific salmon {Onchorhynchus sp.). 
Density-dependent growth 
Density-dependent growth of juvenile salmon has been demonstrated in a 
number of studies (e.g. Gibson 1978; Egglishaw & Shackley 1980, 1985), 
and is probably more marked in boreal systems, where food is usually 
limiting. In addition to size and metabolic status affecting survival, age at 
smolting can be delayed by reduced growth at higher densities, so that 
smolt yield can be reduced, since the mortality of parr during winter is 
high (Myers 1984). In a Scottish river, Buck & Hay (1984) showed that 
there can be compensatory growth and changes in age of smolts which 
can equilibrate smolt output. An increased juvenile growth rate may have 
benefits, by earlier age at smoltification and increased early marine 
survival, but was unlikely to have compensated for higher mortality due 
to acidification in a Nova Scotian river, Canada (Korman et al. 1994). 
Also, it has been suggested (Gibson 1993) that the relative potential 
production of rivers might be estimated by deriving models of density-
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dependent growth, applicable to individual rivers or to habitat-types 
within individual rivers. Such models could be useful as indices for the 
population status of rivers in question, and to classify rivers by productive 
potential, and probable needed spawnings. In three rivers for which I 
have sequence of data there is an indication of density-dependent growth 
for all three dominant age-classes: in the Freshwater River (see Fig. 2) in 
southeastern Newfoundland (Fig. 7), in the Highlands River (see Fig. 3) in 
the southwest part of the island (Fig. 8) (Gibson et al. 1987), and in the 
Matamek River, Quebec, on the north shore of the Gulf of St Lawrence 
(Gibson & Dickson 1984). The regressions shown in Figs 7 and 8 were 
computed for riffle habitats over several years. The relationships appear to 
be habitat-dependent, since if all habitats throughout the river were 
combined, correlations were weaker (Gibson et al. 1987). For example, in 
the Highlands River, for fish aged 0+ years, 1+ years, and 2+ years, 
sampled in riffle habitats, the respective correlations of log (base 10) 
body weights versus log fish densities were r = - 0.76 (n = 14), - 0.58 
(n = 16) and - 0.79 (n = 17), whereas for pool, flat and riffle habitats 
combined together the correlation coefficients for these age-classes were 
r = 0.11 (n = 27), - 0.39 (n = 34) and - 0.72 (n = 34). It is therefore 
necessary to compare similar types of habitat, and ideally individual 
stations, over a number of years. A possible problem arises in that 
growth is related to the temperature regime (Egglishaw & Shackley 1985; 
Elliott 1991), which varies somewhat between years. Thus annual 
measurements of specific growth rates at different densities but weighted 
by length of the growing season, similar to the model suggested by 
Egglishaw & Shackley (1985), might be a better way of comparing the 
relative productivity of sites. Nevertheless, such regressions suggest that 
comparisons of relative potential production between rivers are possible, 
and that mean size of the fish at a specific age indicates the likely 
densities of the fish if the pertinent regression were known. As an 
example, in Fig. 8 I have included size-at-age of salmon from an 
enriched stream (South Brook) in St John's, Newfoundland, where 
growth rates were high (Gibson & Haedrich 1988). Although only four 
data points from one station in two different years can be plotted for 
each year-class, the results illustrate that higher elevations of log mean 
weight against log density would be expected for density-dependent 
regressions from rivers reflecting higher productivity. Fry aged 0+ years 
from South Brook, for example, were the size of parr aged 1+ years in 
the Highlands River, and the 1 + parr of the South Brook were larger than 
the 2+ parr of the Highlands River, even though densities of salmon were 
relatively high in the South Brook. In Newfoundland where fish species 
are few, increases in fish production are manifested primarily in the 
salmonids, and since nutrients are usually limiting, enrichment can 
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cause spectacular increases in salmonid production, and has great 
potential for future enhancement enterprises. 
Survival and potential carrying capacity calculated from a self-thinning 
relationship 
Juvenile salmonids characteristically are aggressive in running water, with 
a number of factors affecting levels of aggression and territoriality, such 
as temperature and amount of food. In effect the young fish are "self-
thinning", needing more space as they grow larger (Grant & Kramer 
1990). As a measure of this, Elliott (1993) plotted the mean live body 
weights of trout and their mean densities for 24 year-classes of an 
anadromous juvenile brown trout population in Black Brows Beck, 
English Lake District. Elliott found that the relationship between mean 
weight and density of trout has a negative slope with a value of 1.33, 
close to the relationship proposed on a basis of energetics allometries, 
and he suggests that this self-thinning relationship, with a negative power 
of 4/3 (i.e. a value o f - 1.33), can provide a useful method for comparing 
temporal and spatial variations in carrying capacity both within and 
between trout streams. Therefore I have plotted a hypothetical self-
thinning relationship, with a negative slope of 1.33, on Figs 7 and 8, 
starting with a hypothetical density of 50 fish per 100 m2 at age 0+ years, 
which represents a high density for this age-group in late summer (the 
season, when body weights were obtained for the density-weight 
relationships shown in Figs 7 and 8). For the Freshwater and Highlands 
rivers, the calculated densities of fish (per 100 m2 ) for older age-classes, 
survival from the previous year, and body weights (g) for this self-thinning 
relationship are given in Table 2. 
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The theoretical survival rates relative to density of fish (Table 2) may be 
somewhat high for Canadian rivers, so the self-thinning line in these rivers 
actually may have a lower slope. Nevertheless, the calculated values are 
within the limits of survival and densities suggested by Elson (1975), who 
suggested that a suitable density for large parr is 10 to 15 per 100 m2. 
Further research to explore this approach could lead to a method for 
classifying salmon rivers, or habitats within rivers, in terms of their relative 
carrying capacities. The slope of a density-dependent relationship might 
indicate the severity of competition, and the intercept and elevation of the 
regression might indicate the relative productive potential. Deviation from 
the self-thinning slope might indicate problems with a size-class, such as 
limitation by some factor in the habitat. 
Some indication of relative carrying capacities of the three rivers 
mentioned in this article is shown in Fig. 9. The Freshwater River appears 
to be the more productive of the three, a conclusion supported also by 
invertebrate work, in which colonisation baskets collected from the 
Freshwater River in autumn had more than nine times the volume of 
invertebrates (Orr et al. 1990) collected in the other two rivers (Gibson et 
al. 1984, 1987). 
Inter-specific competition 
Some evidence of inter-specific competition between salmon and brook 
trout was seen in the Matamek River (Gibson 1973; Gibson & Dickson 
1984). When invertebrate food decreased in the summer, in the presence 
of salmon, which remained abundant in shallow water, brook trout 
moved into deeper water, but they remained in shallower, faster water at 
a station upstream where they were the dominant species. However, 
when most of the brook trout were removed at the downstream station 
the resulting size of the large (aged 2+ years) salmon parr appeared to 
increase, as shown by the outliers on a regression of weight versus 
density, but the size of parr aged 1+ years did not appear to be affected 
(Fig. 10). I interpreted this response as a relaxation of competition 
between brook trout and the large parr, but not the small parr, since large 
salmon parr are found in deeper water, in a similar habitat to that of 
brook trout. 
Life-history strategies and fitness 
Density-dependent growth rates in fresh water also have consequences 
affecting life-history strategies of salmon, both at the juvenile and the 
adult stages (reviewed in Gibson 1993). An important factor affecting 
fitness is the proportion of male parr that become sexually mature, 
precociously, and spawn in fresh water without first going to sea. Faster 
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growth rates increase this proportion, and although overwinter mortality 
is higher for these parr (Myers 1984), they have been able to pass on 
their genes without going to sea, and therefore increase the resilience of 
small populations by increasing the number of spawners (Saunders & 
Schom 1985). Although non-anadromous or resident salmon of both 
sexes mature in fresh water, under conditions of exceptional growth the 
female salmon of anadromous strains also may mature in fresh water 
(Bagliniere & Maisse 1985; Gibson & Haedrich 1988). 
Juvenile salmon therefore can increase their fitness by their 
adaptability to ranges of habitats and environments, affected by 
competition and predation, and by responding to reductions in 
competition by positive changes in survival, growth, proportion maturing 
in fresh water, and by migrating to sea at a younger age. Selective 
pressures would increase genetic fitness for these attributes, which may 
vary amongst river systems. 
Models using density-dependent growth could be useful for comparing 
the relative productive capabilities of rivers and their potential for 
producing smolts, and to better estimate the number of spawners 
required for optimum smolt yields. Estimates of the numbers of juvenile 
salmon, related to models based on environmental variables and density-
dependent growth, could indicate the status of juvenile salmon 
populations. Population estimates of juvenile salmon in representative 
habitats, in conjunction with well-planned creel censuses of adult fish 
(e.g. Cuillouet & Caron 1994), would provide managers with estimates 
of the status of salmon stocks in indicator rivers more economically than 
the currently preferred salmon-counting fences. 
It is evident therefore that to manage salmon there must be a good 
understanding of the freshwater stages, and furthermore, as is well 
illustrated by the 25-year study of Elliott (1994) on a brown trout 
population, in order to advance management strategies there must be a 
commitment to long-term studies. 
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